Abstract In many countries, high densities of domestic cats (Felis catus) are found in urban habitats where they have the potential to exert considerable predation pressure on their prey. However, little is known of the ranging behaviour of cats in the UK. Twenty cats in suburban Reading, UK, were fitted with GPS trackers to quantify movement patterns. Cats were monitored during the summer and winter for an average of 6.8 24 h periods per season. Mean daily area ranged (95 % MCP) was 1.94 ha. Including all fixes, mean maximum area ranged was 6.88 ha. These are broadly comparable to those observed in urban areas in other countries. Daily area ranged was not affected by the cat's sex or the season, but was significantly larger at night than during the day. There was no relationship between area ranged and habitat availability. Taking available habitat into account, cat ranging area contained significantly more garden and other green space than urban habitats. If cats were shown to be negatively affecting prey populations, one mitigation option for consideration in housing developments proposed near important wildlife sites would be to incorporate a 'buffer zone' in which cat ownership was not permitted. Absolute maximum daily area ranged by a cat in this study was 33.78 ha. This would correspond to an exclusory limit of approximately 300-400 m to minimise the negative effects of cat predation, but this may need to be larger if cat ranging behaviour is negatively affected by population density.
high in some urban areas (200-1,500 cats km
: Liberg et al. 2000; Baker et al. 2008; Sims et al. 2008; Thomas et al. 2012) .
Domestic cats are opportunistic predators and will readily depredate what is available (Turner and Bateson 2000) , responding to prey density and availability (Fitzgerald and Turner 2000) . As a result of this behaviour and their artificially maintained high densities, domestic cats have the potential to exert considerable predation pressure on their prey (Loss et al. 2013) . In one study of prey returned home by free-ranging urban domestic cats, 11 mammal, 21 bird and two reptile species were returned, with one species, the wood mouse (Apodemus sylvaticus) accounting for 40 % of all prey (Thomas et al. 2012) . Although the numbers and diversity of prey taken by pet cats have been widely investigated (Churcher and Lawton 1987; Barratt 1997b Barratt , 1998 Robertson 1998; Woods et al. 2003; Baker et al. 2005 Baker et al. , 2008 van Heezik et al. 2010; Thomas et al. 2012; Loyd et al. 2013 ) the degree to which they may be negatively affecting wildlife populations in urban settings is still equivocal (Crooks and Soulé 1999; Lilith et al. 2010 ). Furthermore, while most studies have considered the direct effects of cat predation, other studies have emphasised the potential negative indirect consequences of domestic cats (Beckerman et al. 2007; Bonnington et al. 2013) , further depressing prey numbers in areas with high cat densities.
Areas important for biodiversity conservation in many developed countries are increasingly being encroached upon by urban development (e.g. for the UK, Goddard et al. 2009 ) and the issue of cat predation has been raised as a potential problem in housing developments constructed near these areas. Some developers have discussed a ban on cat ownership on new developments built in close proximity to important conservation areas, but many believe that such bans would not be enforced (Leake and Cracknell 2006) . Understanding the movement and behaviour of domestic cats is important in understanding their potential predatory effect (s) within an area, especially as a cat's range may encompass areas of high wildlife value. For example, Lilith et al. (2008) suggested a buffer zone of 360 m around any housing development in Australia to reduce the numbers of pet cats hunting in important wildlife areas. Such figures may, however, not be directly translated to other countries because of inter-national differences in urban landscape structure and, perhaps, differences in the abundance and types of prey species available. Additional data are, therefore, required on the range size of urban cats in different countries.
An animal's home range will usually contain areas in which it will be able to find food, rest and reproduce (Burt 1943) . Free-ranging pet cats are, however, rather unusual in that they are fed and provided with shelter at the same point such that their owner's home is likely to be a strong focal element in their ranging behaviour. The cat may also be neutered, so they may not be driven by a strong desire to mate. Furthermore, range size may be negatively affected by cat density and the dispersion of natural food sources (Liberg et al. 2000) .
Most research into home range and territory use of animals has been performed using radio tracking (Attuquayefio et al. 1986; Konecny 1987; Meek 2003; Harper 2007; Huck et al. 2008; Morgan et al. 2009 ). Although this technique has been widely used, there are well known issues with accuracy and the degree of resolution (Schmutz and White 1990) , particularly in some habitats. Furthermore, tracking also frequently involves a human researcher directly following a focal individual such that it is possible that the act of tracking itself might affect the animal's behaviour (Maclean 2007) . This may be particularly problematic with companion animals which might be expected to exhibit both attraction and avoidance responses to humans. One method for circumventing these problems, and gaining higher resolution spatial data, is through the use of global positioning systems (GPS).
Current estimates of home range sizes have focused mainly on feral or semi-feral cats (Liberg 1980; Apps 1986; Konecny 1987; Page et al. 1992; Mirmovitch 1995; Barratt 1997a; Edwards et al. 2001; Naidenko and Hupe 2002; Biro et al. 2004; Harper 2007; Schmidt et al. 2007; Recio et al. 2010) which are likely to have larger ranges than pet cats as they have to provision themselves (Barratt 1997a ). Consequently, these will contain multiple food resources which may change in abundance throughout the year (Liberg et al. 2000; Harper 2007) possibly resulting in changes in range size, position or utilisation (Schmidt et al. 2007 ). In contrast, those of pet cats will be focused on their owner's home to which they return regularly to feed and rest throughout the day and night. As urban cats can attain higher densities than feral cats it is important to understand their movement behaviour and whether habitat complexity affects this trait (Horn et al. 2011) .
Previous studies of the movements of urban domestic cats have been carried out in the USA, Australia and New Zealand, but with no previous studies in the UK (Table 1) . Collectively, these have indicated no significant differences in range size between males and females (Barratt 1997a; Meek 2003; Morgan et al. 2009; Metsers et al. 2010; van Heezik et al. 2010) or between summer and winter seasons (Morgan et al. 2009 ), but an increase at night (Barratt 1997ba; Metsers et al. 2010 : but see van Heezik et al. 2010 . The complexity of habitat use by cats and the effect of habitat availability on ranging behaviour has not been investigated previously. Therefore in this study we used GPS tracking to obtain estimates of the area ranged by free-ranging pet cats in a large English town and how these varied in relation to (1) season, (2) sex, (3) day versus night and (4) habitat availability.
Methods

Study area and participants
The study was conducted in Reading, Berkshire, UK (51°27'N, 0°58'W) during summer (6th July-6th August 2009) and winter (18th January-18th February 2010) seasons. Reading is a large town, 40 km west of London, which covers an area of c. 55 km 2 and has a population of approximately 230,000 people. Twenty cats (15♂, 5♀) from 19 households were recruited by leaflet dropping and door-knocking (Thomas et al. 2012) . All cats in the study were neutered and had unrestricted access to the outdoors through a cat flap.
Data collection
GPS receivers (CatTrack™, Perthold Engineering, USA) were used to record cat movement behaviour. Units were attached using a specially designed harness, so that the receiver was positioned on the back of each cat, behind the shoulder blades. Each harness was fitted with a safety break-away clip so that it would come off if the cat became entangled. GPS units weighed 22 g (4.4×2.7×1.3 cm) and the harness approx. 40-45 g, < 5 % of each cat's body mass, and were powered by a lithium battery.
GPS receivers were programmed to record a location every minute, although when unable to get a signal they would not record until a signal was re-established. All GPS systems will have some form of error when calculating location points. The error for this system was calculated in a number of different conditions (indoors, outside under cover, outside clear) along a predetermined 1 km route in June 2009. The deviation of each point from the route was measured in ArcGIS Version 9.3 (ESRI 2011) and on average recorded within an accuracy of 6 m (range 0-10 m), although when indoors many fixes were missed.
Each cat was tracked for up to eight 24 h periods in each season, with a minimum of 24 h between tracking periods to minimise owners' concerns about the wearing of the harness for Barratt ( NS not significant; S significant; − denotes not tested long periods of time. Cats were monitored by their owners during deployment and devices were removed immediately if any signs of distress were observed, although this did not happen during the course of the study. Location data were downloaded from the device and were converted for use in ArcGIS Version 9.3 (ESRI 2011). Location points from the first 30 min were removed, as during this period the owner would have been fitting and re-adjusting the harness.
Data analysis
Ranging area
Ranging areas were estimated using both 95 % and 100 % minimum convex polygons (MCPs) using Home Range Extension software (Rodgers et al. 2007 ). MCPs were used, first, to allow comparisons with previous studies and, second, because of the temporally correlated nature of these data. 95 % MCPs were used as a measure of the area typically covered during each 24 h period (hereafter 'daily area ranged' or DAR) and 100 % MCPs were used as a measure of the maximum daily area ranged (MDAR). Each location was classified as day or night, calculated using the daily sunrise and sunset times. MCPs were calculated for each day sampled and the mean was used to get an average 95 % and 100 % MCP for each cat within each season.
Land use data were derived from the Ordnance Survey Mastermap collection (EDINA, University of Edinburgh). Each daily 95 and 100 % MCP was cut from the Mastermap layer, and the resulting areas for each habitat category were extracted for each range. Twenty one habitat categories occurred within the study site, and these were combined to form three broad categories: urban land use (buildings, roads etc.), green land use (grassland, woodland, etc.) and private gardens (Appendix 1).
To normalise data for analysis, mean MCP areas were square root transformed. All data analyses were undertaken using Genstat (12th edition). Day and night effects and seasonal effects on range area were analysed using paired sample t-tests, and sex effects were analysed with unpaired t-tests.
Habitat effects
The relationship between habitat availability (measured as habitat available within a 350 m radius of the cat's home; distance based on figures from Lilith et al. (2008) and results of this study) and the habitat composition of the cat's DAR was analysed in two ways. First, Jacob's D Index (Jacobs 1974) was used. Jacob's Index is calculated as D = (r-p)/(r + p -2 rp), where D provides an indication of how habitat availability influences preference, r is the proportion of habitat utilised and p is the proportion of habitat available. D ranges from +1 (complete preference), through 0 (no influence) to −1 (complete avoidance). The 95 % confidence intervals are calculated for D; if 0 is not included in the range, then a significant (P<0.05) habitat preference or avoidance is supported.
Second, compositional analysis was performed following Aebischer et al. (1993) and Dickson and Beier (2002) . Here, additive log ratios were calculated for garden and green habitats, the proportion of urban habitat as the denominator. These ratios were calculated for both habitat available and habitat used; if there is no habitat preference then the difference of the ratios will not be significantly different from zero. An overall comparison is made by calculating Wilks' lambda (Λ), then transforming this into the test statistic (=N×ln(Λ)) where N is the number of cats studied. Degrees of freedom are calculated as the number of habitat types available -1. The test statistic approximates the χ 2 distribution. If a significant (p<0.05) overall effect is found, then relative habitat use can be compared using a series of paired t-tests (Dickson and Beier 2002) . To test whether range size was influenced by habitat availability (within 350 m radius of home) or habitats used (in DAR), Pearson correlation analyses were performed between ranging characteristics (day and night DAR and MDAR respectively) and the difference of the log ratios of habitats used.
Results
Twenty cats were tracked in the summer session, with 14 (11♂, 3♀) continuing through to the winter. The loss of cats was due to cat deaths, householders moving home, or householders withdrawing from the study. The average age of the study cats was 7.4 years (range 1-16 years). Of the eight 24 h tracking periods each season, the mean number completed by each cat was 7.0 (range: 3-8) and 6.7 (range: 3-8) in summer and winter, respectively; on average, those cats tracked in both seasons completed 11.7 (range: 11-16) tracking periods (Table 2) . Ranging area and maximum ranging area No significant differences were found in the daily area ranged (paired t-test: 95 % MCP; t 13 = −1.64, p = 0.124) or the maximum daily area ranged (100 % MCP; t 13 = 1.23, p = 0.241) between seasons. As no seasonal differences were evident, the data have been combined in subsequent analyses. No significant differences were found between males and females with respect to daily (independent sample t-test: t 19 = 1.36, p = 0.190) or maximum daily (t 19 = 1.31, p = 0.207) area ranged. Mean DAR was 1.94 ha (95 % CI: 1.80-2.09 ha); mean MDAR was 6.88 ha (95 % CI: 6.21-7.55 ha) ( Table 2) . Maximum values for DAR and MDAR were 7.55 ha (mean: 3.41 ha) and 33.78 ha (mean: 14.28 ha) respectively (Table 2) .
There was a significant difference in the mean daily area ranged during the day (1.84 ha) and night (2.74 ha) (paired t-test: t 19 = −4.66, p < 0.001). The result for maximum daily area ranged approached significance (t 19 = −2.03, p = 0.057).
Habitat effects
Analysis of habitat selection showed that cats had more garden and green habitats in their ranging area that expected; urban habitats were avoided (p < 0.05 for each; Fig. 1 ). Formal compositional analysis supported this result (χ 2 = 28.16, d.f. = 2, p < 0.001). Detailed inspection showed that there was a significant preference for garden (paired t-test: t 19 = 5.23, p < 0.001) and green habitats over urban (paired t-test: t 19 = 2.78, p = 0.012), but no significant difference between relative amount of green and garden habitats in ranging areas, when availability was considered (paired t-test: t 19 = 0.48, p = 0.64).
As range areas differed significantly between day and night, their relationships with habitat availability and use were investigated separately. As there was no significant difference in relative garden and green space use, these were considered together and the log-ratio of both to urban habitat was used as the explanatory variable. There was no significant effect of habitat used or habitat available on DAR or MDAR (all p > 0.2). 
Discussion
In this study, ranging areas were broadly comparable to those from other countries (Table 1) . Similarly, we did not detect any seasonal differences (Morgan et al. 2009 ), even though cats might be expected to range further in summer due to more favourable weather conditions, nor between the sexes (Barratt 1997a; Meek 2003; Morgan et al. 2009; Metsers et al. 2010; van Heezik et al. 2010) . While it should be noted that the sample size was small, with a low number of female cats, they lie within the typical range of sample sizes for such studies (Barratt 1997a; Meek 2003; Kays and DeWan 2004) . Furthermore, the cats utilized in this study were all neutered. In the UK this is the norm, with over 91 % of adult domestic cats sterilised (Murray et al. 2009; Thomas et al. 2012 ). Significant differences in ranging areas between day and night were found and near significant differences were also found in day and night maximum ranging area. Cats ranged further during the night (see also Barratt 1997a; Metsers et al. 2010 ) but other studies have found no difference (van Heezik et al. 2010) . Although domestic cats show a greater tendency towards diurnal activity than feral cats, possibly due to their domestication (Turner and Bateson 2000) , feral cats are more active at night (Alterio and Moller 1997) . This study shows that pet cats still may exhibit this tendency, by ranging further. This may be in part due to decreased road traffic and less conspecific conflict, as evidence has shown the spatial movement patterns of cats are determined by busy roads and density, spatial distribution and social dominance of individual cats (Barratt 1997a ).
There were no significant relationships between the daily area ranged, maximum daily area ranged and habitat type. This is unexpected, as an a priori expectation may be that cats would roam over a wider area if less suitable habitat was available. However, cats did vary in habitat preferences, spending disproportionately more time in gardens and other green habitats, than urban habitats. Taken together, these results suggest that while habitat availability does not affect the ranging area, it does influence habitat use, with cats spending more time in gardens and green areas. This in itself is unsurprising, given that ranging cats will be seeking prey and avoiding disturbance.
It is vital when considering the effects of cat predation on wild bird and small mammal populations to understand how cats use their environment. When discussing the mitigation techniques that could be implemented, the banning of cat ownership near ecologically sensitive areas, such as heathland, has been proposed (Leake and Cracknell 2006) . The acceptability of this measure to residents within the UK is mixed though, with less than half of respondents questioned feeling that this is a justifiable approach (Thomas et al. 2012 ). This may become more acceptable to the public once it is determined whether or not cats are detrimentally affecting wildlife populations. Lilith et al. (2008) has suggested a buffer zone concept, whereby developments, or households owning cats, may be banned within a certain distance from an area of important wildlife value. Data from the radio-tracking of rural and urban cats in Australia produced a figure of 360 m that would be acceptable as a buffer zone (Lilith et al. 2008 ). Within our study, the largest maximum daily area ranged by a cat was 33.78 ha, this being equivalent to a circular area of diameter of 656 m. However, owners' homes are not generally located at the extreme periphery of their pet's ranges, such that the radius (328 m) may be a more useful metric for estimating the appropriate size for a buffer zone. Furthermore, it could be argued that is an overly conservative approach. For example, estimates based on the mean MDAR (6.88 ha) and mean DAR (1.94 ha) would be substantially smaller, radii of 148 m and 79 m respectively, and caution should also be taken due to the small sample size in this study.
One additional factor that may also affect the ranging behaviour of cats that has not been considered in this study is the density of other cats and whether domestic cats are quasiterritorial (feral cats typically are semi-social and territorial: Genovesi et al. 1995; Hall et al. 2000) . If it were the case that range size was negatively affected by cat density, then higher densities of cats may decrease range sizes and indeed this may explain the differences in nocturnal maximum ranging size considered above. It would be important to understand these effects, as it could be the case that by reducing numbers of cats in urban areas it may increase the areas ranged by those that remain; such density-dependent responses would suggest that buffer zones would need to be larger than those identified from studies of existing cat populations. Again this would suggest that managers should err on the side of caution.
Domestic cats are the most common mammalian predator in the UK, and as a result of their close links with people, cat densities can be exceptionally high in urban areas. With the recent growth in interest in urban ecology, it has become clear that many populations of birds and mammals are on the edge of sustainability in these human-modified habitats (e.g. Blair 2004; Goddard et al. 2009 ), as urban animals respond to the challenges of living in highly altered and fragmented habitats. While native predators are still present in these habitats (albeit in lower densities, e.g. sparrowhawk Accipiter nisus; Chamberlain et al. 2009 ), human behaviour results in exceptionally high populations of an introduced predator, the domestic cat. This study, the first of its kind in the UK, demonstrates that to be effective in safeguarding important wildlife habitats, any zone of restricted cat ownership would need to be in the order of 300-400 m.
